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The Dualized Standard Model oers a natural explanation for Higgs elds and 3 generations of fermions plus a perturbative method
for calculating SM parameters. By adjusting only 3 parameters, 14 quark and lepton masses and mixing parameters (including 
oscillations) are calculated with general good success. Further predictions are obtained in post-GZK air showers and FCNC decays.
In this article, we summarize some work which has
occupied us for some years. The material has been sum-
marized in 5 papers submitted to this conference (Papers
607, 610, 611, 613, 636), and this talk is but a summary
of these summaries.
The Dualized Standard Model
1
is a scheme which
aims to answer some of the questions left open by the
Standard Model (such as why Higgs elds or fermion gen-
erations should exist) and to explain the values of some
the Standard Model's many parameters (such as fermion
masses and mixing angles). In contrast to most schemes
with similar aims, the DSM remains entirely within the
Standard Model framework, introducing neither super-
symmetry nor higher space-time dimensions. That it is
able to derive results beyond the Stardard Model while
remaining within its framework is by exploiting a gener-
alization of electric-magnetic duality to nonabelian Yang-
Mills theory found a couple of years ago
2
.
The concept of duality is best explained by recall-
ing the well-known example in electromagnetism. There





















exist, so that the







formations. The theory has thus in all a U(1) 
~
U(1)
gauge symmetry with U(1) corresponding to electricity
and
~
U(1) to magnetism. Magnetic charges are monopoles
in U(1), while electric charges are monopoles of
~
U(1).
The same statements do not hold for nonabelian
Yang-Mills theory under the dual transform
3
(star).
However, it was shown
2
that there exists a generalized
dual transform for which similar results apply. Its exact
form, in the language of loop space
4;5
, need not here
bother us. What matters, however, is that given this
generalized transform, a potential can again be dened
for both the Yang-Mills eld and its dual, and that the




























with g; ~g satisfying the (generalized) Dirac quantization
condition
6
: g~g = 4. As a result, the theory has in
all the gauge symmetry SU(N) 
g
SU(N) with SU(N)
corresponding to (electric) `colour' and
g
SU(N) to (mag-
netic) `dual colour'. And again, dual colour charges are






Applied to colour in the Standard Model, this non-
abelian duality
2
gives two new interesting features. First,
dual to the SU(3) symmetry of colour, the theory pos-
sesses also an
g
SU(3) symmetry of dual colour. Then, by
a well-known result of 't Hooft
8
, since colour is conned,
it follows that this
g
SU(3) of dual colour has to be broken
via a Higgs mechanism
a
. Hence, the theory already con-
tains within itself a broken 3-fold gauge symmetry which
could play the role of the `horizontal' symmetry wanted
to explain the existence in nature of the 3 fermion gener-
ations. Second, in the generalized dual transform
2
, the
frame vectors (`dreibeins') in the gauge group take on a
dynamical role
7
which suggests that they be promoted
to physical elds. If so, then they possess the properties
a





commutation relations of the order-disorder parameters used by
't Hooft to dene his duality.
1
that one wants for Higgs elds for symmetry breaking
(as in electroweak theory): space-time scalars belonging
to the fundamental representation having classical values
(vev's) with nite lengths.
The basis of the Dualized Standard Model is just
in making this bold assumption of identifying the dual
colour
g
SU(3) as the `horizontal' generation symmetry
and of the frame vectors in it as the Higgs elds for its
breaking. We note that according to nonabelian dual-
ity
2
, the niches already exist in the original theory in
the form of the dual symmetry and the `dreibeins'. One
could thus claim that the DSM oers an explanation for
the existence both of exactly 3 fermion generations and of
Higgs elds necessary for breaking this generation sym-
metry.
This identication further suggests the manner in
which the symmetry ought to be broken. As a result,












(x; y; z); (2)
where m
T
is a normalization factor depending on the
fermion-type T , namely whether U - or D-type quarks,
charged leptons (L) or neutrinos (N), and x; y; z are vac-







= 1), which are independent
of the fermion-type T . Because m is factorizable it has
only one nonzero eigenvalue so that at tree-level there
is only one massive generation (fermion mass hierarchy).
Further, because (x; y; z) is independent of the fermion-
type, the state vectors of, say, the U - and D-type quarks
in generation space have the same orientation, so that the
CKM matrix is the unit matrix. These are already not a
bad rst approximation to the experimental situation.
One can go further, however. With loop corrections,












which the relevant information of m
0
is encoded, now ro-
tates with the energy scale, tracing out a trajectory on
the unit sphere. Hence, the lower generation fermions
acquire small nite masses via `leakage' from the highest







now on the fermion-type, giving rise to a nontrivial CKM
matrix. The result is a perturbative method for calcu-
lating fermion mass and mixing parameters.
In a 1-loop calculation
9;10
it is found that out of the
many diagrams only the Higgs loop diagram dominates,
involving thus only a few adjustable parameters. The
present score is as follows. By adjusting 3 parameters,
namely a Yukawa coupling strength  and the 2 ratios
between the Higgs vev's x; y; z, one has calculated the
following 14 of the `fundamental' SM parameters:
 the 3 parameters of the quark CKM matrix jV
rs
j,











































 the masses m

1
of the lightest and B of the right-
handed neutrinos,
there being no CP -violation at 1-loop order.
First, for the quark CKM matrix jV
rs
j, where r =



















0:9745  0:9760 0:217  0:224 0:0018  0:0045
0:217  0:224 0:9737  0:9753 0:036  0:042





All the calculated values are seen to lie roughly within
the experimental bounds.
Second, for the lepton CKM matrix jU
rs
j, one ob-












where r = e; ;  and s = 1; 2; 3 label the physical states
of the neutrinos. The empirical values of jU
rs
j for leptons
are much less well-known. Collecting all the information
so far available from neutrino oscillation experiments,






? 0:4  0:7 0:0  0:15





which is seen to be in very good agreement with the




, but not for U
e2
.
Lastly, from the same calculation with the same 3 pa-
rameters, one obtains the fermion masses listed in Table
1. The second generation masses agree very well with ex-
periment. Those of the lowest generation were obtained
2
by extrapolation on a logarithmic scale and should be
regarded as reasonable if of roughly the right magnitude.
As for the 2 neutrino masses, the experimental bounds
are so weak that there is essentially no check.























are untested, which is not a bad score for a rst-order
calculation with only 3 parameters.
One interesting feature for the calculation outlined







) for the 4 dierent fermion-types U;D;L;N all
coincide to a very good approximation, only with the 12
physical fermion states at dierent locations (Figure 1).





































) as the energy scale varies.
the rate of ow is slower near the ends of the trajectory
than in the middle. For this reason, the states t and b are
close together in spite of their big mass dierence. This
observation will be of relevance later.
Since neutrino oscillations
13
are of particular inter-





of the lepton CKM matrix giving the mixing
between the muon neutrino 

and the heaviest neutrino

3
is constrained mainly by the data on atmospheric neu-





gives the bounds on U
3
shown in Figure
2. In the DSM scheme, with parameters already xed
by the t to the quark sector
9
, the elements of jU
rs
j are




. Then, with m

2












gested by the Long Wave-Length Osicillation (LWO) (or
the `vacuum' or `just-so') solution to the solar neutrino
problem
16;17
, the predicted band of values of jU
3
j for a
range of input values of m

3
is shown in Figure 2, pass-
ing right through the middle of the allowed region. No
similar detailed analysis of the new SuperKamiokande
data
13














Figure 2: 90 % CL limits on U
3
compared with DSM calculation.
can be seen to remain well within the allowed region:
:53 < U
3










The same calculation gives the prediction shown in
Figure 3 for the element U
e3
representing the mixing




, which is con-













by the old Kamiokande data
14;15
and the new data from
Soudan reported in this conference
20
, then the negative
result from CHOOZ restricts U
e3
to quite small values,
















Figure 3: 90 % CL limits on U
e3
compared with DSM calculation.
perKamiokande data
13






, still implying by CHOOZ a small value for
U
e3
, but do not exclude lower values of m
3
and hence
much larger values of U
e3
. In any case, as seen in Figure
3, the band of values predicted by the DSM calculation
falls always comfortably within the allowed region.
The DSM results summarized above for neutrino os-
























, for which no sensible DSM solution was
found
10
. It is thus intriguing to hear in this conference
that the new SuperKamiokande data on the day-night




favours the LWO solution.
Further, generation being identied with dual colour
in DSM, one expects only 3 generations of neutrinos.
Thus, the result from Karmen
23
reported in this con-
ference against the existence of another neutrino with
mass of order eV, as previously suggested by the LSND
experiment
24
, is also in the DSM's favour.
It is particularly instructive to compare the CKM
matrices for leptons and quarks. Both the empirical (4),
(6) and the calculated (3), (5) matrices show the follow-
ing salient features:
 that the 23 element for leptons is much larger than
that for quarks,
 that the 13 elements for both quarks and leptons
are much smaller than the rest,
 that the 12 element is largish and comparable in
magnitude for quarks and leptons.
These features, all so crucial for interpreting existing
data, not only are all correctly reproduced by DSM cal-
culation, but also can be understood within the scheme
using some classical dierential geometry as follows
25
.
First, it turns out
1;9
that in the limit when the sep-
aration between the top 2 generations is small on the






), which is the case for
all 4 fermion-types as seen in Figure 1, then the vectors
for the 3 generations form a Darboux triad
26
composed






) for the heaviest genera-
tion, (ii) the tangent vector to the trajectory for the sec-
ond generation, and (iii) the vector normal to both the
above for the lightest generation. The CKM matrix is
thus just the matrix which gives the relative orientation
between the Darboux triads for the two fermion-types
concerned. Secondly, by the Serret{Frenet{Darboux for-
mulae, it follows that the CKM matrix can be written, to
rst order in the separation s on the trajectory between




























are respectively the normal and geodesic
curvature and 
g
is the geodesic torsion of the trajectory.





= 0, from which it follows that :
 the 23 element equals roughly s,
 the 13 element is of second order in s,
 the 12 element depends on the details of the curve.
In Figure 1, s between  and 
3
is much larger than
that between t and b, hence also the 23 element of the
CKM matrix. Indeed, measuring the actual separations
in Figure 1, one obtains already values very close to the
actual CKM matrix elements in (3) and (5) or in (4)
and (6). The 13 elements should be small in both cases,
as already noted. As for the 12 elements, they depend
on both the locations and details of the curve, which
explains why they need not dier much between quarks
and leptons in spite of the dierence in separation, and
also why the DSM prediction in (5) is not as successful
for this element as for the others.
To test DSM further, one seeks predictions outside
the Standard Model framework. These are not hard to
come by. Identifying generation to dual colour, which is
a local gauge symmetry, makes it imperative that any
particle carrying a generation index can interact via the
exchange of the dual colour gauge bosons, leading to
avour-changing neutral current (FCNC) eects. Given
the calculations on the CKM matrices outlined above, all
low energy FCNC eects can now be calculated in terms
of a single mass parameter  related to the vev's of the
dual colour Higgs elds
27





which happens to give the tightest bound on
  400TeV, one obtains bounds on the branching ratios
of various FCNC decays. In the following paragraph,
an argument will be given which converts these bounds







has a predicted branching ratio
of around 10
 13
, less than 2 orders away from the new
BNL bound of 5:1 10
 12
reported in this conference
28
.
Since neutrinos carry a generation index, it follows
that they will also acquire a new interaction through the
exchange of dual colour bosons. At low energy, this inter-
action will be very weak, being suppressed by the large
mass parameter . However, at C.M. energy above ,
this new interaction will become strong. With an esti-
mate of at least 400TeV, the predicted new interaction
is not observable in laboratory experiments at present or
in the foreseeable future, but it may be accessible in cos-
mic rays. For a neutrino colliding with a nucleon at rest
in our atmosphere, 400 TeV in the centre of mass corre-
sponds to an incoming energy of about 10
20
eV. Above
this energy, neutrinos could thus in principle acquire a
strong interaction and produce air showers in the atmo-
sphere. Now air showers at and above this energy have
been observed. They have long been a puzzle to cosmic
ray physicists since they cannot be due to proton or nu-
clear primaries which would be quickly degraded from
these energies by interaction with the 2.7 K microwave
background
29
. Indeed, the GZK cuto
30
for protons is
at around 5 10
19
eV. Neutrinos, on the other hand, are
not so aected by the microwave background. Hence,
if they can indeed produce air showers via the new in-
teraction predicted by the DSM, they can give a very
neat explanation for the old puzzle of air showers be-
yond the GZK cut-o
31
. Further tests for the proposal
have been suggested
32
. The proposal also gives a rough
upper bound on the mass parameter  governing FCNC
eects which is close to the lower bound obtained in the
preceding paragraph. It was on the basis of this coinci-
4
dence that the above FCNC bounds were converted into
actual order-of-magnitude estimates.
The conclusions are summarized in Figure 4.
It is a pleasure for us to acknowledge our protable
and most enjoyable collaboration with Jacqueline Fari-
dani and Jakov Pfaudler. TST also thanks the Royal
Society for a travel grant to Vancouver.
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Figure 4: Summary ow-chart
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